Objective: Antiretroviral (ARV) therapies fail when behavioral or biologic factors lead to inadequate medication exposure. The currently available methods to assess ARV exposure are limited. Levels of ARVs in hair reflect plasma concentrations over weeks to months, and may provide a novel method for predicting therapeutic responses.
Introduction
Highly-active antiretroviral therapy (HAART) continues to markedly reduce the morbidity and mortality of HIV infection in treated populations [1] . Treatment outcomes on an individual basis, however, vary widely. The response to treatment is influenced by interindividual differences in drug exposure, but an optimal method to determine antiretroviral (ARV) exposure has not been elucidated.
Although commonly used as surrogates for ARV exposure, adherence measures are imperfect indicators of the amount of drug that eventually reaches the site of viral activity. Not only are methods of evaluating adherence limited by patient recollection and accuracy [2] , but also adherence measurements do not account for interindividual biologic variability in the amount of drug that is absorbed, metabolized and eliminated [3] [4] [5] . Measurement of plasma drug levels as a method of therapeutic drug monitoring (TDM) has had inconsistent success in predicting treatment outcomes [6] [7] [8] [9] , probably because single plasma levels only represent a small window of exposure. Other limitations of blood levels for TDM include significant intraindividual variation in plasma ARV levels [10] , 'white-coat' effects [11] , in which adherence just prior to medical appointments improves above average, and imprecision in reporting the timing of recent doses.
Many drugs are incorporated into hair as it grows, but use of hair specimen testing has largely been limited to forensic applications [12] . Recently, the potential utility of hair specimen assays in the assessment of exposure to chronically administered medications has been reported [13] [14] [15] , including testing for indinavir (IDV) [16] [17] [18] [19] , an HIV protease inhibitor. In a manner analogous to glycosylated hemoglobin A1C (HbA1C) providing information on average glucose levels over prolonged periods of time [20] , the concentration of medications in hair reflects drug uptake from the systemic circulation over weeks to months. Therefore, drug levels in hair provide an advantage over single plasma drug concentrations in estimating an average level of medication exposure [13] .
The use of hair specimens for TDM could have broad applicability because hair collection and storage is simple and non-invasive, and hair levels can provide information about cumulative exposure to chronically administered medications in a single assay. Although this method would have clear utility for HIV treatment monitoring in developed counties, it also may also provide a unique approach for monitoring treatment outcomes in resource poor settings, in which virologic monitoring can be prohibitively expensive.
We developed new laboratory techniques for measuring the most commonly used protease inhibitors in HIV treatment using very small amounts of hair and simple methods of sample preparation. We then examined the relationship between concentrations of these protease inhibitors [lopinavir (LPV)/ritonavir (RTV) and atazanavir (ATV)] in hair and virologic outcomes in a cohort of treatment-experienced HIV-infected women.
Methods

Study sample
For the purposes of assay development, we collected full sets of scalp hair from 10 HIV-positive volunteers on HAART who exhibited optimal virologic responses to therapy and consented to have their heads shaved [21] . Most of these participants were recruited by providers at the San Francisco Veteran's Administration Hospital as approved by both the University of California, San Francisco and Veteran's Administration Medical Center review boards. Testing of the relationship between ARV levels measured in hair and viral load outcomes utilized specimens collected longitudinally from participants in the Women's Interagency HIV study (WIHS), an ongoing multicenter, prospective cohort of HIV-infected (and at-risk uninfected) women established in 1994 [22, 23] . Every 6 months, WIHS participants are seen for a study visit comprised of an extensive intervieweradministered questionnaire, physical examination, and specimen collection.
Between October 2003 and October 2005, 70 women in WIHS initiated a LPV/RTV-based regimen for the first time. Between October 2004 and October 2006, 154 women in WIHS initiated an ATV-based regimen. Of the 154 women on ATV, 129 were concomitantly taking RTV. We analyzed hair levels of LPV, RTV, and ATV in these women at the semiannual WIHS visit following the initiation of the target protease inhibitor and examined the relationship between these ARV levels in hair and virologic success. WIHS study protocols and consent materials were reviewed and approved by institutional review boards at all of the participating institutions.
Women's Interagency HIV Study hair specimen collection and processing
Hair samples were collected in the following manner: 10-20 strands of hair (approximately 1-3 mg) are cut from underneath the top layer of hair (to eliminate environmental effects [24] ) and from the occiput, an area with less variability in hair growth rates than other regions [25, 26] . The small thatch of hair is cut with clean scissors as close to the scalp as possible. The distal portion is labeled with marked tape as drug concentrations may be highest in proximal specimens, depending on the date medications were started. The hair sample is then wrapped in aluminum foil to avoid excessive light exposure and stored at room temperature in a plastic bag with a desiccant until analysis.
The development of methods for measuring ARVs in small samples of hair is summarized in a separate laboratory methods paper [21] and includes assessment of the most efficient means of hair extraction and analysis, as well as details on calibration standards and quality assurance controls. Briefly, the methods established for LPV, RTV, and ATVextraction and analysis are as follows: 2 mg of cut hair ($5-10 strands) are placed into a test tube and 1 ml of methanol (MeOH) is added as the organic solvent for LPV and RTV. For the maximally efficient extraction of ATV, a more acidified organic solvent, specifically MeOH/trifluoroacetic acid in the ratio of 9 : 1 was used. After the initial extraction with organic solvent at 378C overnight ($14 h), the samples are then extracted under weak alkaline conditions using methyl tertiary-butyl ether/ethyl acetate (1/1).
After the second extraction, the samples are reconstituted with 0.2 ml of 50% MeOH, and 10 ml are injected into a liquid chromatography/tandem mass spectrometer (LC/MS/MS) system for analyzing drug concentrations in the same manner as in plasma [27] [28] [29] [30] [31] . The extracted RTV, ATV, and LPV from hair are separated by reversed phase chromatography and detected by tandem mass spectrometry in electrospray positive ionization with multiple reaction monitoring mode. Using 2 mg of human hair, RTV is detected in concentrations as low as 0.01 ng/mg hair, whereas LPV and ATV are detected in concentrations as low as 0.05 ng/mg hair. This method has been validated from 0.01 to 4.0 ng/mg hair for RTV and from 0.05-20 ng/mg hair for LPV and ATV with good linearity (r 2 > 0.99) and reproducibility (coefficient of variation <17% for LPV; coefficient of variation <14% for ATV and RTV). No significant matrix ionization suppression was observed.
Statistical analysis
The aim of our study was to evaluate the association between ARV levels in hair and initial virologic outcome in WIHS participants starting a new LPV or ATV-based regimen. Virologic success was defined as achieving a viral load of less than 80 copies/ml or more than a 2 log 10 (100-fold) drop in viral load from the time of regimen initiation to when the drug was measured in hair at the subsequent WIHS visit ($6 months) [32] .
The Wilcoxon rank-sum test was used to assess whether the distribution of hair levels in those who achieved virologic success differed from that in the failures. Multivariate logistic regression models were used to estimate the association of hair drug levels with the dichotomous outcome of virologic response. Included in these models were variables that could impact virologic response, including age, race, viral load at the time of regimen initiation (continuous or dichotomized), prior ARV experience (dichotomized as yes/no) and degree of experience with protease inhibitors (categorized into naïve to protease inhibitors, experience with one protease inhibitor, or experience with two or more protease inhibitors in the past), nadir and pretreatment CD4 cell counts, and self-reported adherence. Core WIHS visits are approximately 6 months apart, but the time between visits varied by participant, so the total time on drug was calculated and also assessed as a covariate. Adherence to the target protease inhibitor was reported by the participant as the percentage of prescribed doses consumed over 6 months, 30 days, or 3 days; visual analog scales were used to aid women in estimating percentages [33] . The level of adherence was either analyzed as a continuous measure or dichotomized into greater than or equal to 95% or less than 95% over the time interval assessed.
Because LPV/RTV is a combination tablet, hair levels of each of these agents are substantially collinear, so separate models were run with LPV and RTV. Separate models were also run for the 129 women taking RTV in the group on ATV-based HAART.
Results
Hair collection
Collection of hair specimens in WIHS for participants on treatment was implemented in April 2003 and is ongoing. Of note, 87% of women consent to sampling of these small amounts (10-20 strands) of hair at each visit, indicating a high degree of acceptance for this noninvasive specimen collection. Providing information that the scalp normally loses approximately 100 hair strands per day [34] has aided in the acceptability of collection. Table 1 summarizes the demographic and covariate data for the 224 participants (70 women initiating LPV/RTV and 154 women initiating ATV-based regimens), including the distribution in tertiles of protease inhibitor concentrations in hair at the subsequent WIHS visit. The racial/ethnic distribution of the combined study sample mirrors the demographics of HIV among US women [35] , with approximately 60% African-Americans, 23% Hispanics, and 17% whites. Approximately 95% of the combined cohort had experience with one or more ARVs in the past, and less than one-third of participants were naïve to protease inhibitors. The median time on the new HAART regimen prior to the measurement of hair concentrations collectively was 4.5 (range 2.0-11.3) months.
Participant demographics
Distribution of protease inhibitor hair concentrations by virologic outcome
Patients were classified as virologic successes or failures based on their viral load response at the visit following initiation of the new protease inhibitor-based regimen. On the basis of this definition, 52 women (74%) on LPV/ RTV and 122 women (79%) on ATV had a successful virologic response. Figure 1a ,b shows the distribution of LPV and ATV hair concentrations, respectively, with respect to the virologic successes versus the failures. LPV concentrations in hair were significantly higher in virologic successes versus failures (median 1.58 versus 0.290 ng/mg, Wilcoxon rank-sum test P ¼ 0.0008).
The distribution of ATV concentrations was also significantly higher in virologic successes versus failures (median 2.60 versus 0.669 ng/mg, Wilcoxon rank-sum test P < 0.0001). Hair concentrations of RTV in the 70 patients on LPV/RTV and the 129 participants on ATV
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AIDS 2009, Vol 23 No 4 who were also on RTV were also significantly higher in the virologic successes versus the failures (Wilcoxon rank-sum test P ¼ 0.005 for LPV/RTV; P ¼ 0.0017 for ATV/RTV).
Multivariate logistic regression models of virologic response
Participants on lopinavir/ritonavir Self-reported adherence was moderately associated with treatment outcome. The odds of achieving virologic success were 2.89 (95% CI ¼ 0.74-11.3, P ¼ 0.13) times greater in women with self-reported adherence of at least 95% than in women with adherence levels less than 95%. Models with measures of adherence presented continuously or assessed over shorter time intervals produced similar results. An HIV RNA level above 100 000 copies/ ml and a CD4 cell count less than 200 cells/ml upon treatment initiation were each associated with a lower odds of virologic success. Age, race, and past experience with protease inhibitors did not reach statistical significance in terms of association with response. Similar results were seen for the RTV hair levels in patients treated with LPV/RTV, in which adherence measurements, pretreatment HIV viral loads and CD4 cell counts, and hair concentrations of RTV were independently associated with virologic response.
Because there were only 18 virologic nonresponders among the women who reported taking LPV/RTV, we also fitted more parsimonious models with both medications by dropping the variables with the largest P-values, one by one, until only adherence and LPV (or RTV) level remained. In each of the resulting models, results were similar.
Participants on atazanavir-based regimens
In multivariate logistic regression models, the odds of achieving virologic success increased by a factor of 1.61 (95% CI ¼ 1.28-2.03, P < 0.0001) for each doubling of ATV level in hair. As the linearity assumption for logarithmically transformed hair levels was verified (P ¼ 0.84 for nonlinearity), we then looked at the association of category of hair level with response. The adjusted ORs for virologic success increased by tertile of hair concentrations: for women starting ATV, the OR for virologic success was 7.74 (95% CI ¼ 2.01-29.7, P ¼ 0.003) for those in the third tertile (>3.43 ng/mg) compared to the lowest ( 1.19 ng/mg). Self-reported adherence and pretreatment CD4 cell counts were also significantly associated with treatment outcome. Age, race, pretreatment HIV RNA level, and degree of experience with protease inhibitors appeared to have little association with the outcome of virologic success. Similar results were seen for the 129 patients in the ATV-treated group who were concomitantly on RTV and, again, more parsimonious models with fewer covariates yielded similar results.
Discussion
In a cohort of HIV-infected women initiating new protease inhibitor-based combination regimens, the strongest independent predictor for virologic response Antiretroviral hair levels predict treatment response Gandhi et al. 475 in adjusted analyses was hair concentration of the anchor drug. Monitoring drug exposure may be important for chronically administered medications when drug exposure is variable and the consequences of treatment failure are high. Interest in TDM using hair levels has recently extended to anticonvulsant [15, 36, 37] and psychotropic [38] [39] [40] [41] medications. Similar to ARVs, the therapeutic index of these medications is narrow, intraindividual variation in drug levels is significant [10, 42] , patient adherence greatly influences efficacy, drug-drug interactions alter pharmacokinetics [43] , and administration of these medications is often lifelong, making dose optimization important.
Despite its potential importance, there is no gold standard or even optimal method for the assessment of drug exposure in the field of HIV therapeutics. Self-reported adherence can be a poor surrogate for assessing ARV exposure in situations in which inaccuracy of reporting is likely, drug formulations are unpredictable, and parameters of bioavailability or clearance vary. Single or infrequent plasma levels of ARVs represent only a brief snapshot of drug exposure and have not consistently contributed to improving HIV treatment outcomes. Hair levels of drug may be superior to plasma measurements in providing a prolonged assessment of drug exposure, analogous to the advantage of HbA1C monitoring over single glucose levels in predicting long-term outcomes of diabetes mellitus [20] .
Another research group has examined levels of IDV in hair samples and correlated these levels with virologic responses [16] [17] [18] [19] ; concentrations of IDV in hair showed a stronger correlation with virologic suppression than plasma IDV levels in 43 HIV-infected patients [19] . This study had several limitations: relatively large thatches of hair were required to measure IDV concentrations, which may limit the acceptability of repeated collection; lengthy sample preparation procedures were required prior to hair analysis; the relative value of hair concentrations versus self-reported adherence to HAARTwas not assessed; and protease inhibitors in more prevalent use in the current treatment era were not studied.
Our study is the first to demonstrate quantification of the most commonly prescribed protease inhibitors in small hair samples (approximately 1-5 mg or between 10-20 strands) using laboratory methods similar to measuring plasma levels. LC-tandem MS is a well described method for drug level determination [27] , available in commercial laboratories, and can be performed in laboratories distant from sites of hair collection. The collection of small amounts of hair may be more acceptable to patients, and our sample preparation and analysis methods are simple and inexpensive.
Unlike phlebotomy, hair collection is non-invasive and does not require specific skills, sterile or designated equipment, or storage materials. The collection of hair samples for analysis of ARV levels merely requires a pair of scissors and aluminium foil for storage. The drug-protein complex in hair is highly stable, so that hair does not require immediate processing after collection. Hair can be stored for indefinite periods of time at room temperature and shipped without precautions for biohazardous materials, offering additional feasibility advantages over blood levels for TDM. These features of this monitoring tool may make hair measurement of ARVs a useful method for assessing exposure in the developing world, in which hair levels can be collected on-site and sent to outside laboratories for analysis. This approach may also be helpful when specimen collection is difficult such as in pediatrics or when drug exposure is unpredictable such as during pregnancy [44] or with multiple drug-drug interactions.
Assessing hair exposure of ARVs in resource-constrained settings may be cost-effective when HIV RNA quantification is too expensive for routine monitoring. In these settings, treatment failure may be detected late, after the accumulation of multiple viral resistance mutations [45] . The cost of hair collection is nominal, nonbiohazardous shipping costs are inexpensive, and a high throughput hair analysis laboratory can perform the test economically. One possible algorithm for testing would involve measuring hair ARV levels a few months after starting a new ARV regimen, and only performing HIV viral load testing if the hair levels fall below the range observed to predict virologic success in treated populations. After a patient is on stable HIV therapy, hair ARV measurements need not be performed routinely, but only when clinical disease progression is observed or when an alteration in drug exposure is predicted, such as a new drug-drug interaction, pregnancy, change in dietary patterns, or a change in hepatic or renal function.
The association of both adherence and hair levels of protease inhibitors with virologic control in our models indicates that exposure is a function of both behavioral and biologic factors. Drug levels measured in hair therefore add unique information that cannot be provided by measures of adherence. If hair drug levels are low, careful assessment of adherence is indicated, and consideration of biologic factors that impede bioavailability or increase clearance should be considered, such as concomitant use of an interacting drug. Low levels of drug in hair in patients who profess optimal adherence may also prompt more comprehensive pharmacokinetic evaluation.
Prolonging the success of current and novel HIV medications is important in terms of treating the burgeoning HIV epidemic worldwide. We have developed methods to monitor HIV drug exposure in hair and shown these levels to be the strongest predictor of treatment response in multivariate modeling. The field of HIV diagnostics lacks an optimal method for assessing exposure to medications, and hair levels have the potential of addressing that gap. Further study of this tool for TDM is indicated to demonstrate its utility in enhancing treatment responses in the global HIV setting.
